Abstract
I. INTRODUCTION
During the last two decades, the tribological characterization of coated surfaces at the micro-and nano-scales has become of increasing importance in many technological applications where coatings in the range of some tens to hundreds of nanometers thickness are used. Therefore, there is a need not only for new and more precise instruments but also for new testing methods 1, 2 .
The earlier nanotribological methods have been based on atomic force microscopes (AFMs). A tip with an apex radius of about 50 nm, usually made of Si3N4, was moved over the surface with a high applied load, ~100 nN, to create wear marks on the surface than later were imaged using the same tip at a low load (~10 nN) 3 . The first experiments have allowed the researchers to characterize ultra-thin diamond-like carbon (DLC) coatings deposited on hard disks and magnetic recording heads, and also to carry out basic research on the origin of friction and wear at the atomic and molecular scale. Friction characterization with AFM has also been done in some cases where a careful calibration of the instrument allowed the recording of static and dynamic friction over dry and lubricated surfaces 4 .
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The development of micro electro-mechanical systems (MEMS) brought an interest in small machines, whose tribological characterization has been carried out usually by the design of dedicated MEMS devices. Furthermore, the use of MEMS and the developing of electrostatic force transducer systems during the last decade have given place to new instruments allowing the precise nanoscale determination of vertical loads, lateral forces, and 3D displacements.
Traditionally, the measurement of wear at the micro-and nano-scale is carried out by two methods 4 :
-i) a two-dimensional test where the tip scans the surface while a relatively high normal load is applied to it. The tip produces a squared hole, whose volume can be measured when the experiment has finished by comparing the initial and final surface topography. There is drawback in this method because, given a fixed size of the tip, the wear rate will depend not only on the load, but also on the number of scanned lines per frame 5 . Furthermore, the tip is also under high tribological wear process during the experiment, especially when analyzing hard and abrasive surfaces, leading to uncontrolled dynamic changes of contact pressure between the probe and surface.
-ii) a linear oscillating test where the tip moves a certain number of cycles at a fix high load, giving as a result the production of a trench. This method presents an advantage regarding tip wear because the area under analysis is substantially smaller. Hz on a fused-silica surface with an applied load of 2 µN. The amplitude of the reciprocating movement is 10 µm and the applied load is 2 µN. The tip thermal drift was corrected at t = 0 s.
There have been some publications trying to calculate the progression of the wear rate using linear oscillation tests [5] [6] [7] . However, all of them have ignored the presence of thermal drift (TD) during the experiments. Most of commercial systems have software with a routine to evaluate the TD before an experiment is carried out: it is usually measured over a time lapse of 30-90 seconds, and then the software assumes that the drift is constant during the rest of the experiment. This assumption is reasonable on experiments of few seconds duration (like in a nanoindentation). However, given its random nature, is difficult to predict the drift evolution on experiments of many minutes duration. Figure 1 illustrates an example of the drift measured when a tip is dragged in a 0.05 Hz oscillating movement of 10 µm length over a hard and smooth fused-silica surface with an applied load of 2 µN during 850 seconds. If there were no drift, the vertical position Z of the tip should be 5 constant. However, due to TD, it is observed that the tip drifts with a non-constant drift rate.
In this paper, we have designed an experiment for a linear oscillating tribological test which eliminates the problem of TD, giving in-situ and simultaneously the evolution of friction and wear in each cycle. Results obtained from a graphite sample are presented under dry and lubricated experiments to demonstrate the power of our technique which allows a precise calculation of tribological properties at the nanoscale.
II. EXPERIMENTAL
All the experiments were done using a Triboindenter TI-950 from Hysitron. The
Triboindenter is a commercial system whose primary function is nanoindentation. The heart of the instrument is a three-plate capacitive transducer assembly that is used as both, the actuator and sensor of the instrument 8 . The force on a tip mounted in the center plate of a capacitor is applied electrostatically while the displacement is simultaneously measured by the change in capacitance. This capacitive transducer assembly is mounted to a three-axis piezo tube-scanner similar to those found in AFMs. The tube-scanner scans the sample while the indenter tip is maintained in contact at constant load with a surface. Under these conditions, the transducer collects z displacement data and produces AFM-like images. The system also allows applying not only low forces for imaging (~2 µN) but also high forces of up to 12 mN while measuring friction forces. All system is computer-controlled, with all the components mounted on a granite table over an active vibration isolation device to dampen vibrational effects, and enclosed in a thermal-acoustical isolation chamber 8 . The process repeats 10 times.
In the beginning of the experiment, two passes of 10 µm length are made in order to obtain topographic profiles with an applied load of 3 µN (fig 3a) . The topography will be used to characterize the surface before the wear experiment. Then, the load is increased to the desired value (10 µN, 100 µN, and 1000 µN in the present experiments) at x = 2.5 µm, and the first cycle of wear starts with two passes that we call "trace" and "retrace" 
B. Coefficient of friction (CoF)
The friction force (FF) is obtained as the mean value of the recorded friction forces in the shadowed blue zones of the figure 2 between -2 µm and 2 µm, in trace and retrace. We don't take the full wear track to avoid "border effects" due to the accumulation of material as a result of the wear. Also, we take the mean value in trace and retrace to eliminate any effect due to an inclination of the surface, in the same way that is done for AFMs 4 . The coefficient of friction µ is then obtained considering that the friction force is directly
proportional to the applied load (L), with a constant proportionality µ 1 :
C. Trench Roughness
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The average trench roughness (Ra) is obtained from the topography profiles in the wear track during the experiments using the equation:
The relative roughness (in %), calculated as 100xRa/R0 where R0 is the roughness of the track before the first experiment, gives an idea about the percentage of roughness increase or decrease. This information is particularly useful when comparing samples of different initial roughness.
D. Wear ratio and wear rate
The wear ratio (nm 2 ) is handled as the difference in area of the first profile 10 µN (a, b); 100 µN (c, d); and 1000 µN (e, f) . Figure 5 shows the wear profiles obtained for three different load conditions in dry and wet conditions. It is observed that at each applied load, the profiles obtained in dry conditions ( fig. 5 a, c, e) present more wear evolution than the tests done under water lubrication ( fig. 5 b, d, f) . Furthermore, in both lubrication conditions, wear increases with the applied load. The increase of wear can be also visualized in Figure 6 , where the wear rate is plotted at different loads for dry ( fig. 6a ) and water lubricated (figure 6b) tests. The topographical evolution of the wear tracks can be studied through their roughness changes, as illustrated in figure 7 with experiments at the three loads for dry ( fig. 7a ) and waterlubricated ( fig. 7b ) conditions. Figure 8 shows the CoF, recorded simultaneously with the wear data evolution displayed in figures 5 and 6, and the roughness in figure 7 . 1990's to understand environmental effects on friction and wear in the design of disc brakes 12, 13 . For studies at the micro-and nano-scale we must, however, relate to studies of non-hydrogenated diamond-like carbon (DLC) coatings. These amorphous films are a mix of sp 3 tetrahedral bonding (like in single-crystal diamonds) and sp 2 trigonal bonding (like in single-crystal graphite), and usually deposited by physical or chemical vapor deposition techniques 14 . Since Bhushan published the first nanotribological study of amorphous carbon films using an atomic force microscope (AFM) 15 , there have been many studies about the nanotribological properties of carbon-based coatings, as it has been reviewed for dry and lubricated conditions [16] [17] [18] [19] [20] [21] [22] . We can observe that for dry tests (Figure 8a) , the friction coefficient decreases with the increase of the applied load from 10 µN to 100 µN, and stays constant when increasing from 100 µN to 1000 µN. Schiffmann et al have shown that the friction coefficient of nonhydrogenated DLC films can be written as
IV. Experimental Example
where L is the applied load, (c1, c2) are constants, and m is a ploughing exponent in the range 0.7-1.2 7 . The first term is dominant in the case of pure elastic deformation, and the second term represents the ploughing contribution in a plastic deformation regimen. Results from figures 5a, 6a, and 7a support the friction data because there is practically no wear at 10 µN and 100 µN, while at 1000 µN there is wear due to ploughing and plastic deformation.
If we analyze now the µ cycle-dependence for dry friction (figure 8a), it is essentially constant over the whole experiment for the lower loads, confirming that the surface is elastically deformed and that there is little or no ploughing. At the highest load of 1000 µN, a CoF drop in the first cycles occurs and then stays constant. The friction behavior correlates with the wear and roughness evolution, which have a big increase during the first 4 cycles while a big trench is built, and then the variation is very small until the end of the experiment.
In the case of water lubrication, at each applied load and cycle, the CoF in water lubrication is always lower than in dry conditions (figure 8). It has been previously shown that water acts as a lubricant for DLC coatings 19, 23 . The lubricating action of the water can be explained as a result of a "three-body interaction" where the water reduces the adhesion between the surfaces in contact. At low loads, the contact pressure is not large enough to squeeze the water molecules from the contact area and, thus, the water plays the role of a lubricating liquid. On the other hand, at the higher load, the large pressure generated at the contact region squeezes some of the water molecules out of the contact region, and some wear takes place between dry surfaces.
V. SUMMARY AND CONCLUSIONS
We have introduced a new methodology to measure simultaneously the friction and wear of a surface at the nano-and micro-scale. An experiment has been designed with a probe which is permanently scanning a 10 µm track in a reciprocal movement. Different loads are applied in order to obtain the topographic information which is used to calculate the wear rate and roughness evolution, while lateral force sensors acquire the friction force values. The data is processed using a simple program running in MathLab® which eliminates the thermal drift. The software output gives the resulting friction coefficient, track roughness, and wear rate as a function of the running cycles of the probe.
